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A B S T R A C T The liver has been shown to remove
parathyroid hormone (PTH) from its arterial circula-
tion by a mechanism that is selective for the intact
form of the peptide (PTH 1-84). The present studies
demonstrate that PTH has biologic effects on the liver in
vivo. Bovine PTH 1-84 stimulated hepatic glucose release
in dogs with indwelling hepatic vein catheters from
basal values of31+8 to 68+9 mg/min per kg after bolus
injections of PTH. The effect on hepatic glucose
release was apparent by 5 min and persisted for the 80
min of observation. The NH2-terminal PTH fragment
(syn b-PTH 1-34) had no effect. Bovine PTH 1-84
administered in doses designed to produce circulating
levels of immunoreactive PTH similar to the endog-
enous levels observed in uremic dogs also increased
the incorporation of 14C from infused [14C]alanine into
glucose, and increased estimated hepatic uptake of
both chemical and [14C]alanine, while increasing
hepatic glucose release. Thus, administration of
"physiologic levels" ofb-PTH 1-84 stimulated hepatic
glucose release in part through increased gluco-
neogenesis in vivo, whereas syn b-PTH 1-34 had no
demonstrable effect. Circulating levels of insulin rose
after PTH administration, an increase which presum-
ably represents a secondary response to the rise in
glucose release.
These results suggest that the liver is a target organ of

PTH, and that PTH might potentially alter carbohy-
drate metabolism during hypersecretion. They also
suggest that hepatic uptake of PTH may be related in
part to production of a specific biologic effect rather
than just simple peptide degradation.

INTRODUCTION
We have demonstrated (1) that the liver is a major site of
uptake for bovine parathyroid hormone (b-PTH)l in the
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awake dog. The hepatic uptake mechanism for b-PTH
was found to be specific for the intact form of the
hormone (PTH 1-84) and no uptake ofCOOH- or NH2-
terminal fragments could be demonstrated. In addition,
no hepatic uptake was demonstrable for biologically
active synthetic NH2-terminal tetratricontapeptide (syn
b-PTH 1-34). Addition of COOH-terminal fragments
to hepatic venous plasma was observed after b-PTH
1-84 injections, indicating degradation ofb-PTH 1-84
by the liver after its uptake.
The observation of selective hepatic uptake ofb-PTH

1-84 and lack of uptake of PTH fragments including
syn b-PTH 1-34 raised the question of whether this
difference also applied to the expression of biological
effects of PTH on the liver. The liver has not been
demonstrated to be a major target organ for PTH in vivo.
However, PTH has been shown to markedly stimulate
renal gluconeogenesis in vitro (2, 3), and to have slight
to moderate effects in stimulating hepatic adenylate
cyclase, glycogenolysis, and gluconeogenesis in rat
liver homogenates and hepatocytes (4, 5). In addition,
PTH inhibition of glycogen synthesis has been demon-
strated in the isolated perfused rat liver (6).
Thus, these studies were designed to investigate

possible biological effects of PTH on the liver in vivo
and determine if the difference in uptake between
b-PTH 1-84 and syn b-PTH 1-34 extended to the
expression of biologic activity of the hormone.

METHODS
Preparation of dogs. Mongrel dogs weighing 18-26 kg

were fed a standard high protein Purina dog chow (Ralston
Purina Co., St. Louis, Mo.) and had free access to water. Before
study during laparotomy, catheters were placed in the left
common hepatic vein, as described (1) by the method of Shoe-

venous concentration; A - PV, arterial minus portal vein
glucose concentration; b-PTH, bovine PTH; HV - A, hepatic
venous minus arterial glucose concentration; HV - PV hepatic
vein minus portal vein glucose concentration; PTH, para-
thyroid hormone; syn b-PTH 1-34, synthetic NH2-terminal
tetracontapeptide.
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maker et al. (7), and the portal vein. Catheter patency was
maintained by intermittent filling with heparin. After surgery,
the dogs were followed closely for resumption of normal food
intake and return of bowel function. The shortest time
interval after surgery to study was 48 h. Dogs that were not
eating full rations or having normal formed stools were not
studied.
Study protocol. Dogs were studied awake and resting in

a sling after a 12-h fast. The femoral artery was catheterized by
the Seldinger technique (8) and a polyethylene catheter was
advanced into the aorta to the approximate level of the celiac
axis. A hind leg vein catheter was placed for infusion of solu-
tions, and injections of PTH.

Hepatic plasma flow was measured by reported methods (1)
using constant infusion of indocyanine green (ICG; Hynson,
Westcott & Dunning, Inc., Baltimore, Md.). The hepatic
arteriovenous difference for ICG also served as a marker for
adequacy of hepatic venous sampling to exclude contamina-
tion of samples with inferior vena cava blood (9).
Control aortic, hepatic, and portal vein plasma samples

were obtained at 60, 30, and 10 min before injection of PTH
preparations. After injections of 2.5 ug/kg b-PTH 1-84, 2.5
Ag/kg syn b-PTH 1-34 or an equal volume of vehicle used in
reconstituting PTH, blood samples were obtained from the
three catheters simultaneously every 5-20 min for up to 100
min after injection. All blood samples were collected in
heparinized tubes and centrifuged immediately. The plasma
was separated into aliquots, and stored at -40°C. In those
tubes for glucagon and insulin determinations, Trasylol
(100 ,ll; FBA Pharmaceuticals, Inc., New York) was present as
a preservative in each test tube. Glucose and ICG were
determined immediately after centrifugation.
Studies w;ith isotope infusions. These studies were con-

ducted as described above except that an infusion of [U-_4C]-
alanine (New England Nuclear, Boston, Mass.) 0.15 ,tCi/kg per
h was begun after a priming dose of 0.1 ,uCi/kg and continued
throughout the study. 120 min of isotope infusion was allowed
for equilibration before control blood samples were obtained
from hepatic vein, portal vein, and aortic catheters at 120, 140,
160, and 180 min of infusion. After control bloods were ob-
tained, a b-PTH 1-84 infusion (12-15 ng/kg) was begun. The
PTH infusion was designed to maintain immunoassayable
PTH levels of 1 ng/ml. An additional period of 60 min was
allowed for reequilibration of isotope before experimental
bloods were drawn from all catheters at 240, 260, 280, and
300 min of [U-14C]alanine infusion. Blood samples for isotopic
counting were transferred immediately to tubes containing
an equal volume of perchloric acid (3 mM).
Sources of PTH. b-PTH 1-84 was obtained from Inolex

Biomedical Div., Glenwood, Ill. (1,100-1,500 U/mg sp act in
the Munson bioassay). Syn b-PTH 1-34 was obtained from
Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.
(3,700 U/mg sp act in a renal adenylate cyclase system). Both
PTH preparations were reconstituted in 0.2% acetic acid, pH
3.5, and added to dog plasma for injection. Biologic activity of
all PTH preparations was established by their ability to de-
crease the tubular reabsorption of phosphorus in the dogs
studied and to stimulate 3'5'-cyclic AMP production in iso-
lated canine renal tubules. The methods employed in the
incubation of PTH preparations with canine renal tubules
have been reported (10). Levels of 3'5'-cyclic AMP were
determined by radioimmunoassay according to the method of
Steiner et al. as reported (11). 125I-3'5'-cyclic AMP used as a
tracer in the radioimmunoassay was purchased from New
England Nuclear.
Chemical determinations. Glucose was determined by the

glucose oxidase method with a Beckman glucose analyzer
(Beckman Instruments, Inc., Fullerton, Calif.). In samples

from the isotopic infusion studies, glucose was determined
in a microfluorometric assay as described below. Radio-
immunoassays for plasma glucagon and insulin were per-
formed in the Washington University Diabetes Center by
reported methods (12, 13). Creatinine and phosphorus were
determined by reported methods (1).

Isotopic couniting. Samples for the determination of
['4C]alanine were prepared by the method ofGarber et al. (14).
Blood samples were added to an equal volume of 3 mM per-
chloric acid and centrifuged. The supernate was neutralized
with a potassium hydroxide-imidazole mixture and then added
to a 1 x 4-cm column of Dowex AG-X8 (Dow Corning Co.
Midland, Mich.) to remove lactate. The column eluate was
placed on a second column of Dowex AG-50-X8 and the
initial eluate No. 1 was collected. The columns were then
treated with 3 N ammonium hydroxide and a second eluate
collected. Eluate No. 1 was lyophilized to dryness, reconsti-
tuted, and measured for total glucose content. Eluate No. 2 was
lyophilized, reconstituted with 0.02 N sodium citrate (pH 3.5)
and placed on a 1 x 20-cm column of HPB80 and eluted with
0.2 N sodium citrate. The alanine eluate was lyophilized,
reconstituted and counted for 14C radioactivity and total
alanine vas assayed with a fluorometric assay (15). Glucose
was determined using a microfluorometric assay (16) in eluate
No. 1 from the Dowex AG-50-X8 column. Alanine recoveries
ranged from 82 to 98%. Radioisotope counting was performed
in a refrigerated liquid scintillation spectrophotometer (Searle
Analytic, Inc., Des Plaines, Ill.).

Calculations. Hepatic plasma flowr (HPF) was calculated
by dividing the metabolic clearance rate ofICG (infusion rate
in micrograms per minute divided by arterial ICG micro-
grams per milliliter) by the hepatic arterial minus venous
concentration (A - V) difference for ICG. Glucose addition to
the hepatic venous blood wvas calculated as the product of the
hepatic venous minus arterial glucose concentration (HV - A)
difference and the HPF. Because there was a small arterial-
portal A - V difference at all times, the calculated hepatic
glucose production rates as performed represent an under-
estimate. Because electromagnetic flow probe methodology
for direct determination of hepatic arterial and portal venous
blood flow was not available, hepatic alanine uptake was
calculated as the product of an estimate of alanine delivery to
the liver and the hepatic extraction of alanine. Alanine
delivery was estimated as the product of 2(portal alanine) plus
arterial alanine/3 and the HPF, because the delivery from
portal venous blood accounts for -two-thirds of delivery in
basal conditions (17). After PTH injections, alanine delivery
was estimated as the product of portal alanine plus arterial
alanine/2 and the HPF, because PTH increases the percentage
of hepatic blood flow from the systemic circulation to-50%
(17). Hepatic alanine extraction was calculated by the formula,
estimated alanine delivery concentration minus hepatic vein
alanine/estimated alanine delivery concentration. The esti-
mated alanine delivery concentration was calculated as above
in base-line periods and after PTH injections. These calcula-
tions again take into account the sources of hepatic blood flow
and the effects of PTH on portal venous and hepatic arterial
blood flow (17). The use of the calculations that took into
account redistribution of hepatic blood supply after PTH did
not significantly affect the results of estimated alanine uptake
compared to calculations that employed onlv the mean of the
portal and arterial alanine concentrations, without redistribu-
tion of blood flow, as the alanine delivered.

RESULTS

The hepatic handliiig of ICG by the dogs used in these
studies is shown in Table I along with the mean
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TABLE I
Hepatic Handling of ICG in Studies with b-PTH

1-84 and syn b-PTH 1-34

HPF
A - V

difference Mean
Dog ICG base-line Post PTH

%O nml/min/kg

b-PTH 1-84
1 13 24.3 23.7
2 22 17 13
3 10 24.2 26.2
4 16 28.6 33.7
5 21 21.2 21.2
6 15 26.8 25.2
7 12 25.4 24.5
8 13 29.5 33

im 15.3 24.6 25.1
SEM ±+1.5 ±+1.4 ±2.3
P NS

syn b-PTH 1-34
1 16 27.7 28.1
2 10 36.5 39.7
3 10 31.1 31.1
4 14 25.2 25.2
5 16 27.4 28.6
6 11 20.0 20.0
7 11 20.9 21.0

mn 12.6 26.9 27.7
SEM ±1.02 +2.2 ±2.5
P NS

m = mean.

calculated HPF before PTH injections (base-line
periods) and after (post-PTH periods) PTH. Each HPF
value is the mean of three to four determinations for
base-line periods and six to eight determinations for
post-PTH periods. The arterial-hepatic vein ICG
concentration difference ranged from 10 to 22%, and
there was no significant difference in the hepatic
handling ofICG (ICG A - V difference) after injections
of (b-PTH 1-84) or (syn b-PTH 1-34) compared to
control periods. Likewise, the calculated HPF did not
differ between the two groups of dogs. Average mean
HPF in the base-line periods was 24.6 ml/min per kg in
dogs given b-PTH 1-84 and 26.9 ml/min per kg in dogs
given syn b-PTH 1-34. Neither b-PTH 1-84 nor syn b-
PTH 1-34 had a significant effect on HPF.

In the protocol used in these studies, hepatic venous,
portal venous, and arterial plasma samples were ob-
tained from awake fasting dogs with indwelling vessel
catheters at intervals before and after the injection of
PTH. To examine the spontaneous changes of glucose
with time, sham experiments were conducted in three

dogs. During sham experiments, the 0.02-M acetic acid
vehicle used to reconstitute PTH was injected alone.
Arterial glucose concentrations fell slightly (5-10
mg/dl) during the 300 min of observation. The portal
venous glucose closely mimicked arterial glucose con-
centration and demonstrated a small A - V difference
(A - PV) 0-4 mg/dl in each dog studied. The HV - A
difference did not change by more than 2-3 mg/dl after
injections of the vehicle alone.
The effects of bolus injection of b-PTH 1-84 (2.5

,ug/kg) and syn b-PTH 1-34 (2.5 gg/kg) on glucose con-
centrations in the hepatic vein are shown in Table II.
b-PTH 1-84 significantly increased the hepatic vein
glucose concentration in each dog studied and in-
creased the mean hepatic vein glucose in this group
of dogs from 104+3 mg/dl in the base-line periods
to 121+6 mg/dl 5 min after injection. The increase
in hepatic vein glucose concentration persisted
for up to 80 min after injection. Mean hepatic vein
glucose concentrations at every interval from 5 to 80
min after the injection of b-PTH 1-84 were signifi-
cantly different from the mean base-line control glu-
cose concentrations. In dogs injected with syn b-PTH
1-34, the mean base-line glucose concentration of 108
mg/dl was not significantly altered by administration of
the hormone. Although basal plasma glucose concen-
trations tended to be slightly higher in the dogs
receiving syn b-PTH 1-34 than basal glucose concen-
trations in the dogs receiving b-PTH 1-84, these dif-
ferences were not statistically significant.

Fig. 1A portrays the change in the HV - A glucose con-
centration difference after PTH injections as compared
to the mean HV - A of base-line periods. In dogs in-
jected with syn b-PTH 1-34 the HV - A glucose con-
centration difference after PTH did not vary by more
than 2 mg/dl when compared to the HV - A of the
base-line periods. In Fig. lB the change in hepatic vein
minus portal vein glucose concentration (HV - PV) dif-
ference is shown. Again, b-PTH 1-84 caused an increase
in the HP - PV glucose concentration difference similar
to the change in HV - A, whereas injections ofsyn b-PTH
1-34 failed to change the HV - PV difference by more
than 2 mg/dl. In Fig. IC the arterial minus portal vein
glucose concentration (A - PV) difference is portrayed.
The A - PV difference ranged from 0 to 4 + 1 mg/dl and
was not significantly altered by either b-PTH 1-84 or
syn b-PTH 1-34. Thus, the changes in HV - A glucose
concentration difference and the HV - PV difference
induced by b-PTH 1-84 are caused by an increase in
hepatic glucose production, and they cannot be ex-
plained by changes in carbohydrate metabolism else-
where in the splanchnic circulation.
Because the portal vein venous glucose concentra-

tion was 0-4 mg/dl less than arterial glucose concentra-
tion at any point, a minimal estimate ofglucose addition
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TABLE II
Changes in Hepatic Vein Glucose Concentration after PTH Injections

Time (immin)

Experiment -60 -30 -10 5 10 20 30 40 60 80 100

rngldl

b-PTH 1-84
single injections

1 109 108 104 125 125 122 132 141 138 141 100
2 106 107 102 108 106 107 109 109 133 132
3 94 91 93 135 138 130 131 131 121 124 105
4 97 103 101 107 114 110 115 115 114
5 110 115 112 130 130 135 134 125 140

m 103 105 102 121 123 121 124 124 129 132 103
SEM 3 4 3 6 6 5 5 6 5
*P 0.05 0.02 0.02 0.02 0.02 0.01

syn b-PTH 1-34
single injections

1 112 110 108 120 109 107 106 103 106 106
2 117 107 107 117 117 115 107 107 105 105 98
3 96 96 108 113 109 107 106 103 106 106
4 109 111 109 110 114 110 118 112 110 -
5 111 110 110 120 120 120 112 107 103

m 109 107 108 116 114 112 110 106 106 106 98
SEM 3 3 1 2 2 3 2 2 1
*P NS NS NS NS NS NS NS NS

m = mean.
* Unpaired Student's t test (experiment periods vs. the -30 min control periods).

to the hepatic venous blood production can be reached
by the product of total HPF and the hepatic vein minus
arterial glucose concentration difference. Employing
this calculation, the changes in glucose addition to the
hepatic venous blood are shown in Table III for ex-
periments with both b-PTH 1-84 and syn b-PTH 1-34.
There were significant increases in glucose addition
beginning with the first 10 min after each injection ofb-
PTH 1-84. However, twice molar doses of syn b-PTH
1-34 had no demonstrable effect on hepatic glucose
release.
Alanine uptake studies. To investigate the relation-

ship between the hepatic gluconeogenic substrate,
alanine, and the changes in hepatic glucose production
shown above, the effect of PTH on estimated hepatic
alanine uptake was examined. Hepatic alanine uptake
calculated as described above in Methods was signifi-
cantly increased by b-PTH 1-84 injections (Fig. 2).
This increase in hepatic uptake was present at all inter-
vals tested after injections (5-60 min). Mean+SEM
arterial alanine levels were 234+5 ,uM during control
periods and 246+8 ,uM in the plasma samples obtained
after bolus b-PTH 1-84 injections. Portal alanine levels
were 267+8 ,.uM in control periods and 278±5 ,uM after

PTH administration. Hepatic vein alanine concentra-
tions fell from 222±9 ,uM control to 195±8 ,uM after
PTH. Thus, several factors may have contributed to the
increase in hepatic alanine uptake observed after b-
PTH 1-84 administration. In depth evaluation of each
ofthese factors (increased peripheral and/or splanchnic
alanine delivery and increased hepatic alanine extrac-
tion) was beyond the scope of the present studies. As
shown in Fig. 2, injections of syn b-PTH 1-34 were not
followed by an increase in the hepatic uptake ofalanine.

[14C]Alanine infusion studies. To further character-
ize the effect ofb-PTH 1-84 on hepatic glucose release
at inore physiologic levels ofthe hormone, studies were
undertaken in normal dogs injected with PTH so as to
maintain serum levels in the hyperparathyroid range
(1 ng/ml). These studies were also performed during
infusion of alanine uniformly labeled with F4C. After
120 min of [U-_4C]alanine infusion, control blood
samples were obtained from three dogs and b-PTH
1-84, 1.2-2.5 ng/kg per min, was infused. After 60 min
of PTH infusion with the alanine infusion continuing,
experimental blood samples were obtained. The
specific activity of['4C]alanine in arterial plasma during
these experiments is shown in Fig. 3A. Arterial alanine
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FIGURE 1 Effects of b-PTH 1-84 (0) and syn b-PTH 1-34
(0) on (A) the changes in the HV - A difference (AHV - A)
and (B) the changes in the HV - PV difference (AHV - PV).
Each point is the mean+SEM of the dogs listed in Table II as
compared to the mean ofall the control periods; (C) the A - PV
difference. 80-min points were obtained in only three dogs. All
points from 5-60 min after b-PTH 1-84 injections different
from control as assessed by nonpaired Student's t test
(P < 0.05 > 0.005).

concentrations were 253±12 ,uM during control
periods and 266±12 ,uM during the b-PTH 1-84
infusion. In Fig. 3B the effects of the b-PTH 1-84 in-
fusions on hepatic venous glucose concentrations are
portrayed. Hepatic venous glucose concentration rose
steadily during the PTH infusion period. The incorpo-
ration of the '4C label from alanine into glucose is
shown as the hepatic ['4C]glucose specific activity in
Fig. 3C. PTH significantly increased the rate of 14C
incorporation into glucose. The slope of the [14C]glu-
cose specific activity accumulation in the control
period, y = 5.3(x) + 152, (r = 0.81), was significantly
increased to y = 11.7(x) + 167, (r = 0.83) in the PTH
infusion period. The increase in ['4C]glucose specific
activity suggested that one source of increased hepatic
glucose release after PTH was enhanced gluconeo-
genesis with alanine as a substrate. Thus, an estimate
of hepatic ['4C]alanine uptake was made as described
above in Methods. b-PTH 1-84 infusions increased
the estimated alanine uptake as shown in Fig. 3D from a
mean of87 x 103 dpm/min per kg to 213 x 103 dpm/min
per kg. Because arterial and portal ['4C]alanine levels

were kept constant by the infusion technique, the in-
crease in [14C]alanine uptake by the liver shown in Fig.
3 is caused by a decrease in the ['4C]alanine exiting
from the liver. Thus, the difficulty imposed by having
to estimate alanine delivery for the calculation of
chemical alanine uptake is canceled and the observa-
tion of increased alanine uptake is strengthened. PTH
levels were constant during the experimental period
ranging from 0.8 to 1.2 ng/ml (mean 1.0+0.18 SD) of
immunoreactive PTH determined with a NH2-terminal
PTH radioimmunoassay (1). The studies during syn
b-PTH 1-34 administration again revealed no effect
on hepatic alanine uptake.
Changes in plasma glucagon and insulin. Because

changes in glucose concentrations would be expected
to alter glucagon and insulin release, the plasma levels
of these hormones were followed during the course
of these studies. As shown on Fig. 4A, there was a
tendency for mean plasma glucagon to decrease after
the injection of b-PTH 1-84. As shown in Fig. 4B,
there was an increase in arterial insulin levels after
b-PTH 1-84 administration. Mean plasma insulin
levels were significantly increased at 10 and 60 min
after PTH as compared to base-line periods in the
groups of dogs receiving b-PTH 1-84.

DISCUSSION

We have reported (1) a specific uptake and degradation
of b-PTH 1-84 by the canine liver in vivo. We also
found no demonstrable hepatic uptake of syn b-PTH
1-34 or COOH-terminal PTH fragments. The present
studies demonstrate biologic effects of b-PTH 1-84
on the canine liver. b-PTH 1-84 administration in-
creased glucose release from the liver and stimulated
gluconeogenesis from alanine. On the other hand,
administration of syn b-PTH 1-34 had no demon-
strable effect on glucose release. Thus, the uptake
of b-PTH 1-84 by the liver was correlated with a
specific biologic effect, and absence of uptake of syn
b-PTH 1-34 with absence of such an effect. These
studies suggest that hepatic PTH uptake is related to
specific biologic effects of the hormone, and that the
liver is more than just a site of degradative uptake
of PTH.
PTH hormone has been shown to increase adenylate

cyclase activity and 3'5'-cyclic AMP concentrations in
rat liver cells and homogenates in vitro (4, 5). In addi-
tion, PTH stimulated gluconeogenesis, glycogenolysis,
and urea production in isolated rat liver cells. Thus,
in vitro studies suggested that the liver might represent
a target organ of PTH biologic activity. The doses of
PTH employed to demonstrate the above-mentioned
effects (1-0.1 ,M) were clearly pharmacologic but this
was also the case in studies related to the effects of
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TABLE III
Changes in Glucose Addition to the Hepatic Venous Blood

Time (min)

Experiment -60 -30 -10 5 10 20 30 40 60 80 100

mg/min/kg

b-PTH 1-84
single injections

1 5 25 5 42 69 48 101 69 64 48 45
2 27 27 23 46 53 68 42 49 57 110
3 45 45 0 125 80 100 50 25 50 5 5
4 0 6 0 11 44 50 44 66 50
5 45 52 70 116 87 75 99 100 104

m 24 31 20 68 67 68 67 62 65 54
SEM 9 8 13 22 8 9 13 12 10
P* NS 0.02 0.02 0.05 NS 0.05

syn b-PTH 1-34
single injections

1 0 31 0 31 31 57 10 5 36 15
2 49 24 37 12 31 36 67 43 55 -
3 0 47 27 60 54 54 34 34 54 34
4 29 78 29 24 34 34 53 45 39
5 25 20 32 0 12 24 40 8

m 21 40 25 23 32 45 37 33 38
SEM 9 10 6 10 7 5 10 7 8 -
Pt NS NS NS NS NS NS

m, mean.
* Nonpaired t test; each experimental period vs. control period with highest mean glucose addition.
4 Nonpaired t test; each experimental period vs. control period with lowest mean glucose addition.

PTH on gluconeogenesis and cyclic
by renal tubules and slices (2, 3, 17,
blood levels of immunoreactive PT]
COOH-terminal radioimmunoassay)
first 1-5 min after the bolus injection

* b-PTH 1-84
o syn b-PTH 1-34 1

~~~~~~~~~~~~~~~~~~~~~~~I
I ~~~I v

~~~~~~~~~~~~~~~~~~~~~~~~~~~I

4
PTH

Injection

60 30 0
TIME (Min)

FIGURE 2 Estimated (Est.) hepatic alanin
as discussed in Methods. Asterisk, points
trol as assessed by nonpaired Student's t tesl

AMP production employed in the present studies were also pharma-
18). The arterial cologic (18, 19). However, the PTH levels obtained
H (1-2 nM in a during the constant infusion of b-PTH 1-84 (alanine
attained in the incorporation studies) were in the range seen in dogs

s of b-PTH 1-84 with nutritionally induced hyperparathyroidism when
fed a high phosphorus-low calcium diet or in uremic
dogs when the PTH levels are determined using a
radioimmunoassay specific for the amino terminus of
PTH.2 The levels of PTH obtained in these experi-
ments are, therefore, in the physiologic range and
clearly demonstrate a biologic effect ofPTH on hepatic
carbohydrate metabolism in vivo.
The studies performed during infusion of [14C]ala-

nine using PTH administration rates comparable to
production rates seen in states of hyperparathyroidsm
not only demonstrate that the PTH effect on hepatic
glucose production is physiologic, but also confirm the
studies using only chemical glucose determinations.
There was a significant stimulatory affect ofPTH on the

30 60 rate of 14C appearance in glucose, and an increase in the
estimated hepatic uptake of [14C]alanine. Thus, PTH

e uptake calculated
different from con-
t(P < 0.05 > 0.01). 2 Hruska, K., and E. Slatopolsky. Unpublished observations.
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FIGURE 3 Studies in three dogs during constant infusion of
[14C]alanine, and constant infusion of b-PTH 1-84 beginning
after collection of four control samples. Control samples col-
lected between 120-180 min of [14C]alanine infusion and
experimental samples from 240-300 min of ['4C]alanine
infusion. Mean hepatic vein ['4C]glucose specific activity rose
according to a line y = 5.34(x) + 152, (r = 0.81) during the
controlperiodascomparedtoy = 11.66(x) + 167,(r = 0.83)in
the experimental periods. The slope ofthe regression line was
significantly greater in the experimental period as compared to
the control (>95% confidence limit). Est. hepatic ['4C]alanine
uptake (dpm) was significantly greater during each experi-
mental determination compared to the mean control uptake as
assessed by nonpaired Student's t test (P < 0.05). Immunore-
active PTH (i-PTH) levels were undetectable during control
periods and 0.9-1.1 ng/ml in the experimental periods.

clearly stimulated hepatic gluconeogenesis with ala-
nine as a substrate.
Although PTH may not be an important regulator of

hepatic glucose homeostasis under normal conditions,
it may have important effects in hyperparathyroid
states. Glucose intolerance has been reported in pri-
mary hyperparathyroidism (20,21) and in chronic renal
failure (22). The role of PTH in the altered carbo-
hydrate metabolism observed in these states has not
been examined.
The absence of an effect of syn b-PTH 1-34 on he-

patic glucose production in the present studies is in
contrast to previous studies performed in isolated rat
liver hepatocytes and homogenates (5). In these studies
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FIGURE 4 Mean±SEM arterial glucagon and insulin levels
after b-PTH 1-84 injections. There was a tendency for arterial
glucagon to fall. The rises in arterial insulin were significantly
different at 10 and 60 min after injection (*, P < 0.05).

syn b-PTH 1-34 stimulated adenylate cyclase activity
and both glycogenolysis and gluconeogenesis to a
degree equal to the effects seen with b-PTH 1-84.
Obvious differences between these previous studies
and those reported here may explain the discrepant
results obtained. These differences include a different
species of animal studied and the difficulty of comiipar-
inlg in vitro results to in vivo studies. However, no
definite explanation for the observed differences in
response to syn b-PTH 1-34 was apparent during the
present studies.
The mechanisms responsible for the increase in

hepatic glucose production after b-PTH 1-84 injec-
tions appeared to involve both increased glycogenolysis
and gluconeogenesis judging from the rapidity of the
increase in hepatic venous glucose concentration and
the duration ofthe PTH effect for 80 min after injection.
PTH has been shown in vitro to affect both of these
processes responsible for increasing hepatic glucose
production (5, 6). Moxley et al. (5) also demonstrated
gluconeogenesis from [U-'4C]alanine with the label ap-
pearing in newly formed [14C]glucose. The results of
the present study demonstrate increased estimated
hepatic uptake of alanine extending from 10-60 min
after bolus injections of b-PTH 1-84. These results
suggest that alanine was one of the substrates involved
in the increased gluconeogenesis observed after b-
PTH administration. The mechanismn of increased
alanine uptake involved both increased delivery from
arterial and portal venous sources in individual dogs
and an increase in hepatic alanine extraction. The
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studies during ["4C]alanine infusion suggest that
increased hepatic extraction of alanine was an
important factor in the increased hepatic alanine
uptake. These studies do not necessarily confirm that
PTH stimulates alanine release from striated muscle as
suggested by Garber (23) in vitro, because a consistent
rise in arterial alanine levels was not observed in all
dogs.
The observed changes in arterial glucagon and in-

sulin levels after b-PTH 1-84 injections are those
to be expected after a glucose load. Thus, these results
both confirm the presence of increased glucose pro-
duction after b-PTH 1-84 and suggest that the changes
in the plasma levels of insulin and glucagon were
secondary and did not contribute to the observed
increased hepatic glucose production.

In conclusion, these studies demonstrate an effect
of intact PTH on hepatic glucose production in vivo.
They extend our previous report, which demonstrated
specificity of canine hepatic uptake for the intact form
ofPTH. The demonstration that syn b-PTH 1-34 failed
to stimulate hepatic glucose production and was not
taken up by the liver is consistent with a close correla-
tion between uptake and the effects ofPTH on glucose
release. It is suggested that future studies of hepatic
PTH metabolism consider the biologic actions of PTH
on the liver and not focus solely on this organ as a pep-
tide degradation site.
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